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Answer all the questions in the spaces provided.

1 (a)  An aqueous solution of chromium(III) contains the green [Cr(H2O)6]3+ complex ion.

(i)� �&RPSOHWH�WKH�HOHFWURQLF�FRQ¿JXUDWLRQ�RI�DQ�LVRODWHG��JDVHRXV�&U3+ ion.

1s2  .................................................................................................................................  [1]

(ii)� �'H¿QH�WKH�WHUP�complex ion.

 .............................................................................................................................................

 .......................................................................................................................................  [1]

(b) [Cr(H2O)6]3+(aq) shows some similar chemical properties to [Co(H2O)6]2+(aq).

  Samples of [Cr(H2O)6]3+� DUH� UHDFWHG� VHSDUDWHO\�ZLWK� HLWKHU�1D2+�DT���+2O2�DT��� RU� H[FHVV�
NH3(aq).

  Use this information and the Data Booklet to suggest the formula of the chromium species 
formed. State the type of reaction taking place in each case.

reagent added to
[Cr(H2O)6]3+(aq)

formula of chromium
species formed type of reaction

NaOH(aq)

H2O2(aq)

an excess of NH3(aq)

[5]

(c)  [Cr(H2O)6]2+ and [Cr2(O2CCH3)4(H2O)2] are both complexes of chromium(II��DQG�KDYH�GLႇHUHQW�
colours.

� �([SODLQ�ZK\�WKH�FRORXUV�RI�WKHVH�FRPSOH[HV�DUH�GLႇHUHQW�

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ..............................................................................................................................................  [2]
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(d) The structure of [Cr2(O2CCH3)4(H2O)2] is shown. Ethanoate ions act as ligands in this complex. 
7KH�HWKDQRDWH�OLJDQG��&+3CO2

–��LV�VKRZQ�DV�O O.

Cr

O O

O

H2O

O O

O O

OH2

O

Cr

(i)� �:DWHU�DQG�HWKDQRDWH�LRQV�EHKDYH�DV�GLႇHUHQW�W\SHV�RI�OLJDQG�LQ�WKLV�FRPSOH[�

 Suggest an explanation for this statement.

 .............................................................................................................................................

 .......................................................................................................................................  [1]

(ii) Deduce the coordination number of Cr and the geometry around each Cr atom in this 
structure.

coordination number  ...........................................................................................................

geometry around Cr atom  ...................................................................................................
[1]

(iii)  State the type of bond between the two atoms in the Cr–Cr bond.

 .......................................................................................................................................  [1]

(e)  The [Cr2(O2CCH3)4(H2O)2] complex reacts with aqueous acid to form Cr2+(aq) ions.

  Cr2+(aq) ions react with O2(aq) under acidic conditions. Cr3+(aq) ions are formed.

  Use the Data Booklet to answer the following questions.

(i) Construct an ionic equation for the reaction of Cr2+(aq) with O2(aq) under acidic conditions.

 .......................................................................................................................................  [2]

(ii) Calculate  for the reaction in (e)(i).

 = .............................. V  [1]

[Total: 15]
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2 (a)  State and explain the trend observed in the thermal stability of the Group 2 nitrates.

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ..............................................................................................................................................  [3]

(b) (i) Lead(II��QLWUDWH��3E�123)2��GHFRPSRVHV�RQ�KHDWLQJ� LQ�D�VLPLODU�PDQQHU� WR� WKH�*URXS���
nitrates.

 Write an equation for the decomposition of lead(II) nitrate.

 .......................................................................................................................................  [1]

(ii)� �6XJJHVW�KRZ�WKH�HDVH�RI�GHFRPSRVLWLRQ�RI�3E�123)2 would compare to that of Ba(NO3)2.
([SODLQ�\RXU�DQVZHU��<RX�PD\�¿QG�LW�XVHIXO�WR�UHIHU�WR�WKH�Data Booklet.

 .............................................................................................................................................

 .......................................................................................................................................  [1]

(c) (i)� �%DULXP�HWKDQHGLRDWH��%D&2O4��GHFRPSRVHV�RQ�KHDWLQJ� WR�SURGXFH�EDULXP�R[LGH�DQG�D�
PL[WXUH�RI�WZR�GLႇHUHQW�JDVHV�

 Construct an equation for the decomposition of barium ethanedioate.

 .......................................................................................................................................  [1]
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(ii) An impure sample of BaC2O4��RI�PDVV�������J�� LV�DGGHG�WR������FP3�RI��������PRO�GP–3

DFLGL¿HG�0Q24
–�DT���DQ�H[FHVV��$�UHGR[�UHDFWLRQ�WDNHV�SODFH�DQG�DOO�WKH�%D&2O4 reacts.

�7KH�UHVXOWLQJ�VROXWLRQ��FRQWDLQLQJ�XQUHDFWHG�DFLGL¿HG�0Q24
–��LV�WLWUDWHG�ZLWK��������PRO�GP–3

Fe2+(aq).

�7KH�HQG�SRLQW�LV�UHDFKHG�ZKHQ�������FP3�RI��������PRO�GP–3 Fe2+(aq) has been added.

C2O4
2–   2CO2  +  2e–

0Q24
–  +  8H+  +  5e– ��0Q2+  +  4H2O

Fe2+   Fe3+  +  e–

 Calculate the percentage by mass of BaC2O4� LQ�WKH�������J�LPSXUH�VDPSOH��6KRZ�\RXU�
working.
 [Mr:  BaC2O4�������@

percentage by mass of BaC2O4 = ..............................  [4]

(d)� �%DULXP�K\GUR[LGH��%D�2+�2��LV�FRPSOHWHO\�GLVVRFLDWHG�LQ�DTXHRXV�VROXWLRQ�

� �&DOFXODWH�WKH�S+�RI�������PRO�GP–3 Ba(OH)2(aq) at 298 K.

pH = ..............................  [2]

[Total: 12]
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3 (a) (i)� �'H¿QH�WKH�WHUP�standard electrode potential.

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [2]

� �7KUHH�UHGR[�V\VWHPV��A��B and C��DUH�VKRZQ��7KH�OLJDQG�����GLDPLQRHWKDQH��+2NCH2CH2NH2��
is represented by en.

A [Ru(H2O)6]3+  +  e–   [Ru(H2O)6]2+

B [Ru(NH3)6]3+  +  e–   [Ru(NH3)6]2+

C [Ru(en)3]3+  +  e–   [Ru(en)3]2+

� �7ZR�HOHFWURFKHPLFDO�FHOOV�DUH�VHW�XS�WR�FRPSDUH�WKH�VWDQGDUG�HOHFWURGH�SRWHQWLDOV��E o��RI�WKUHH�
half-cells. The diagrams show the relative potential of each electrode.

[Ru(NH3)6]3+

[Ru(NH3)6]2+

salt bridge

V

[Ru(en)3]3+

[Ru(en)3]2+

+ –

Pt Pt

[Ru(H2O)6]3+

[Ru(H2O)6]2+

salt bridge

V

[Ru(en)3]3+

[Ru(en)3]2+

+ –

Pt Pt

(ii) Use this information to complete the table by adding the labels A��B and C to deduce the 
order of E o for the three half-cells.

E o redox system

most negative

least negative
[1]

PMTPMT
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(iii)  The complex [Ru(en)3]3+ shows stereoisomerism. The ligand en is bidentate.

Draw three-dimensional diagrams to show the two isomers of [Ru(en)3]3+. Represent the 

ligand en by using 
 NN

.

 Name the type of stereoisomerism.

isomer 1

Ru

isomer 2

Ru

 type of stereoisomerism  .....................................................................................................
[3]

(b) (i) An electrochemical cell consists of a Br2/Br – half-cell and a Ag+�$J�KDOI�FHOO��XQGHU�VWDQGDUG�
conditions.

Use the Data Booklet to calculate the ��'HGXFH�WKH�GLUHFWLRQ�RI�HOHFWURQ�ÀRZ�LQ�WKH�ZLUH�
through the voltmeter between these two half-cells.

 = .............................. V

GLUHFWLRQ�RI�HOHFWURQ�ÀRZ�IURP������������������������������������������WR�� .........................................  [1]

(ii) Water is added to the Ag+/Ag half-cell in (b)(i).

�6XJJHVW�WKH�HႇHFW�RI�WKLV�DGGLWLRQ�RQ�WKH�Ecell��3ODFH�D�WLFN�� ) in the appropriate box.

less positive no change more positive

 Explain your answer.

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [2]
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(c)� �6LOYHU�EURPLGH��$J%U��GLVVROYHV�LQ�DQ�DTXHRXV�VROXWLRQ�RI�62O3
2– ions to form the complex ion 

[Ag(S2O3)2]3–. The S2O3
2– ions act as monodentate ligands.

 equilibrium 1 AgBr(s)  +  2S2O3
2–(aq)   [Ag(S2O3)2]3–(aq)  +  Br –(aq)

(i)� �'H¿QH�WKH�WHUP�ligand.

 .............................................................................................................................................

 .......................................................................................................................................  [1]

(ii)� �:ULWH�DQ�H[SUHVVLRQ�IRU�WKH�HTXLOLEULXP�FRQVWDQW��Kc��IRU�HTXLOLEULXP���

Kc =

[1]

(iii)  Some additional data are given about the dissolution of AgBr in S2O3
2–(aq).

equilibrium constant numerical value

VROXELOLW\�SURGXFW��Ksp��RI�$J%U 5.4 ×���–13

VWDELOLW\�FRQVWDQW��Kstab��RI�>$J�62O3)2]3– 2.9 × ��13

Use your answer to (c)(ii) and these data to calculate Kc for equilibrium 1. Include the units 
for Kc.

Kc = ..............................  units ..............................  [2]

(d)� �7KH� QXPHULFDO� YDOXHV� IRU� WKH� VWDELOLW\� FRQVWDQWV��Kstab�� RI� WZR� RWKHU� VLOYHU�I) complexes are 
given.

silver(I) complex numerical value of Kstab

[Ag(CN)2]– 5.3 ×���18

[Ag(NH3)2]+ 1.6 ×���7

  An aqueous solution containing Ag+ is added to a solution containing equal concentrations of 
CN–�DT���1+3(aq) and S2O3

2–(aq). The mixture is left to reach equilibrium.

  Deduce the relative concentrations of [Ag(CN)2]–��>$J�1+3)2]+ and [Ag(S2O3)2]3– present in the 
resulting mixture. Explain your answer.

.................................  >  .................................  >  ................................
highest concentration lowest concentration

  ....................................................................................................................................................

  ..............................................................................................................................................  [2]

[Total: 15]
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4 (a) (i)� �'H¿QH�WKH�WHUP�lattice energy.

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [2]

(ii) Use the following data to calculate a value for the enthalpy change of solution of 
copper(II��FKORULGH��&X&l 2�V���<RX�PLJKW�¿QG�LW�KHOSIXO�WR�FRQVWUXFW�DQ�HQHUJ\�F\FOH�

enthalpy change of hydration of Cl – = –378 kJ mol–1

enthalpy change of hydration of Cu2+� �±�����N-�PRO–1

lattice energy of CuCl 2(s) = –2824 kJ mol–1

enthalpy change of solution of CuCl 2(s) = .............................. kJ mol–1  [2]

(iii)  The enthalpy change of hydration of Ca2+ is –1579 kJ mol–1.

Use the Data Booklet�WR�VXJJHVW�ZK\�WKHUH�LV�D�ELJ�GLႇHUHQFH�LQ�WKH�YDOXHV�RI�∆Hhyd for Ca2+

and Cu2+.

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [2]

(b) (i) Identify the substances formed at the anode and at the cathode during the electrolysis of 
saturated CaCl 2(aq).

at the anode  ........................................................................................................................

at the cathode  .....................................................................................................................
[1]

(ii)� �&DOFLXP�FDQ�EH�SURGXFHG�E\�WKH�HOHFWURO\VLV�RI�PROWHQ�FDOFLXP�FKORULGH��&D&l 2(l).

�&DOFXODWH�WKH�PDVV��LQ�J��RI�&D�IRUPHG�ZKHQ�D�FXUUHQW�RI������$�SDVVHV�WKURXJK�&D&l 2(l)
IRU����PLQXWHV�
[Ar���&D������@

mass of Ca = .............................. g  [2]

PMTPMT
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(c) (i) Explain what is meant by the term entropy of a system.

 .............................................................................................................................................

 .......................................................................................................................................  [1]

(ii)� �3ODFH�RQH�WLFN�����LQ�HDFK�URZ�RI�WKH�WDEOH�WR�VKRZ�WKH�VLJQ�RI�HDFK�HQWURS\�FKDQJH��∆S.

process ∆S is negative ∆S is zero ∆S is positive

NaCl dissolving in water

water solidifying to ice

[1]

(iii)� �7KH�HYDSRUDWLRQ�RI�RQH�PROH�RI�ZDWHU�KDV�D�VWDQGDUG�*LEEV�IUHH�HQHUJ\�FKDQJH��∆G o��RI�
+8.6 kJ at 25 °C.

Sketch a graph on the axes to show how ∆G o changes for this process between 25 °C and 
����°&�DW�����N3D�

positive

negative

0
50 75 100 125 15025

�G o

temperature / �C

[2]

(d) The reaction between A and B is feasible at low temperatures but is not feasible at high 
temperatures.

A  +  B    C  +  D

  Deduce the signs of ∆H and ∆S for this reaction and explain why the feasibility changes with 
temperature.

 sign of ∆H = ..............................  sign of ∆S = ..............................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ..............................................................................................................................................  [2]

[Total: 15]
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5 (a)� �'HVFULEH�DQG�H[SODLQ�WKH�UHODWLYH�EDVLFLWLHV�RI�SKHQ\ODPLQH��HWK\ODPLQH�DQG���QLWURSKHQ\ODPLQH�

.................................  >  .................................  >  ................................
most basic least basic

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ..............................................................................................................................................  [4]

(b) The dye R can be synthesised from 4-nitrophenylamine in two steps.

O2N

O2N

OH

N N

NH2

4-nitrophenylamine

step 1

step 2

Q

R

(i) Deduce and draw the structure of the organic salt Q in the box. [1]

(ii) Suggest reagents and conditions for step 1 and 2 in (b).

step 1  ..................................................................................................................................

step 2  ..................................................................................................................................
[2]

PMTPMT
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(c)  Compound G can be synthesised from methylbenzene in three steps.

E

step 1

F

G

step 2

step 3

CH3

CO2H

NO2

Br

(i) Give the systematic name of compound G.

 .......................................................................................................................................  [1]

(ii) Deduce the identities of E and F and draw their structures in the boxes. [2]

(iii)  Suggest reagents and conditions for each of steps 1 to 3 in (c).

step 1  ..................................................................................................................................

step 2  ..................................................................................................................................

step 3  ..................................................................................................................................
[3]

[Total: 13]

PMTPMT
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6 (a)  There are four possible structural isomers of C8H�� that contain a benzene ring.

  Draw the skeletal formulae of the four structural isomers in the appropriate boxes. The number 
of peaks observed in the carbon-13 (13&��105�VSHFWUXP�RI�HDFK�FRPSRXQG�LV�JLYHQ�

isomer 1

three peaks in 13&�105

isomer 2

four peaks in 13&�105

isomer 3

¿YH�SHDNV�LQ�13&�105

isomer 4

six peaks in 13&�105
[4]

PMTPMT
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(b) A three-step synthesis of X (C��H��O) from benzene is suggested as shown.

Cl (CH2)3CO2H
AlCl 3

AlCl 3

step 1

step 2

step 3

W

X  (C10H10O)

O

Cl

(i) Step 1 is the alkylation of benzene by electrophilic substitution.
 Use R–Cl to represent Cl (CH2)3CO2H.

 Write an equation for the formation of an electrophile from R–Cl and Al Cl 3.

 .......................................................................................................................................  [1]

(ii) Deduce and draw the structures of W and X in the boxes. [2]

(iii)  Suggest the reagents and conditions for step 2.

 .......................................................................................................................................  [1]

PMTPMT
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(iv) Complete the mechanism for the reaction of benzene with the electrophile formed 
in (b)(i).

 Include all relevant charges and curly arrows showing the movement of electron pairs.

 Draw the structure of the intermediate.

R

intermediate

[3]

[Total: 11]

PMTPMT



16

9701/42/M/J/21© UCLES 2021

7 (a)� �,Q�DTXHRXV�VROXWLRQ��FKORULQH�GLR[LGH��&l O2��UHDFWV�ZLWK�K\GUR[LGH�LRQV�DV�VKRZQ�

2Cl O2  +  2OH– →  Cl O3
–  +  Cl O2

–  +  H2O

� �$�VHULHV�RI�H[SHULPHQWV� LV�FDUULHG�RXW�XVLQJ�GLႇHUHQW�FRQFHQWUDWLRQV�RI�&l O2 and OH–. The 
table shows the results obtained.

experiment [Cl O2]
/ mol dm–3

[OH–]
/ mol dm–3

initial rate
/ mol dm–3 min–1

1 ����� ����� �����×���–4

2 ����� ����� 2.88 × ��–3

3 ����� ����� �����×���–3

(i) Explain the term order of reaction.

 .............................................................................................................................................

 .......................................................................................................................................  [1]

(ii)� �8VH�WKH�GDWD�LQ�WKH�WDEOH�WR�GHWHUPLQH�WKH�RUGHU�RI�UHDFWLRQ�ZLWK�UHVSHFW�WR�HDFK�UHDFWDQW��
Cl O2 and OH–.

 Explain your reasoning.

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [2]

(iii)  Use your answer to (a)(ii) to construct the rate equation for this reaction.

rate =  ............................................................................................................................  [1]

(iv)� �8VH�\RXU�UDWH�HTXDWLRQ�DQG�WKH�GDWD�IURP�H[SHULPHQW���WR�FDOFXODWH�WKH�UDWH�FRQVWDQW��k��
for this reaction.
 Include the units of k.

k = ..............................  units ..............................  [2]

PMTPMT
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Question 7 continues on the next page.
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(b)� �7KH�GHFRPSRVLWLRQ�RI�EHQ]HQHGLD]RQLXP�LRQV��&6H5N2
+��XVLQJ�D� ODUJH�H[FHVV�RI�ZDWHU�� LV�D�

¿UVW�RUGHU�UHDFWLRQ�

  The graph shows the results obtained.

0.025

0.020

0.015

0.010

0.005

0
0 100 200 300 400

time / s
500 600

[C6H5N2
+]

/moldm–3

(i) Draw the structure of the organic product formed in this reaction.

[1]

(ii)� �8VH�WKH�JUDSK�WR�GHWHUPLQH�WKH�UDWH�RI�UHDFWLRQ�DW�����V��6KRZ�\RXU�ZRUNLQJ�

rate = .............................. mol dm–3 s–1  [1]

PMTPMT
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(c)  Sketch a concentration–time graph for a zero-order reaction.

  Use your graph to suggest how successive half-lives for a zero-order reaction vary as the 
concentration of a reactant decreases. Indicate this by placing a tick ( ) in the appropriate box 
in the table.

concentration

time

successive half-lives
decrease

no change in
successive half-lives

successive half-lives
increase

[1]

[Total: 9]

PMTPMT
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8 (a)� �6WDWH� DQG� H[SODLQ� WKH� UHODWLYH� UDWH� RI� K\GURO\VLV� RI� DF\O� FKORULGHV�� DON\O� FKORULGHV� DQG�
aryl chlorides.

.................................  >  .................................  >  ................................
fastest slowest

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ..............................................................................................................................................  [3]

PMTPMT
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(b) The drug remifentanil is shown.

O

O

remifentanil

O

O
O

N
N

  Remifentanil is completely� K\GURO\VHG� XQGHU� DFLGLF� FRQGLWLRQV�� 7KUHH� GLႇHUHQW� RUJDQLF�
compounds are formed.

  Draw the structures for these organic compounds in the boxes.

[3]

PMTPMT
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(c)  Compound Y��&5H��O2��UHDFWV�ZLWK�1D2CO3(aq) to evolve bubbles of gas. The proton (1+��105�
spectrum of compound Y in D2O is shown.

� / ppm
2 1 0

(i) Use this information to suggest a structure for Y.

[1]

(ii) Use the Data Booklet��WKH�SURWRQ��1+��105�VSHFWUXP�DQG�\RXU�DQVZHU�WR�(c)(i) to complete 
the table.

chemical
shift (δ) environment of proton splitting pattern number of 1H atoms

responsible for the peak

����

����

����

[3]

>7RWDO����@

PMTPMT
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